Computational Fluid Dynamics (CFD) is used to study the spreading process of a water droplet with a radius of 0.00275mm impacting a wax surface at a velocity of 1.18ms−1. This type of flow is considered to be Multiphase, incompressible, laminar, surface tension dominated and is governed by the Navier stokes and continuity equations. To accurately model the spreading process 3 different contact angle models are investigated, two of which take into account the moving contact line. The governing equations are solved using the open source C++ library OpenFOAM, which uses a Finite Volume Method (FVM) of discretization and a Volume Of Fluid (VOF) interface capturing method. The VOF method is known to produce unphysical velocities when high pressure gradients exist between the two phases, thus a numerical improvement is implemented to reduce the magnitudes of the unphysical velocities. The improvement reduces the magnitudes of the unphysical velocities and as shown in literature their magnitudes increase with an increase in surface tension dominance. The improvement is implemented together with different contact angle models and results obtained show that contact angle models that take into account the moving contact line gives a good correlation of the spreading diameter obtained numerically with the one obtained experimentally.
Introduction
Many of the processes that occur involve in some way small droplets and the way that they spread and adhere to a surface. In ink-jet printing very small-scale droplets impact on a paper to create an image. The understanding of how a droplet spreads as it impacts a paper is of great importance. To model droplet impact requires one to consider Multiphase flow which refers to flow of two or more fluids, like liquid and gas. In modelling such flow it is of great importance that a sharp interface is maintained during the computation. For very small droplets in the milli-metre and micro-metre scales, the surface tension force dominates the flow. The Volume OF Fluid (VOF) method, which is an interface capturing technique is used widely to model multiphase flow but for surface tension dominated flows it produces unphysical velocities.
In 1993 Fukai et al. [1] studied theoretically the deformation of a spherical liquid drop. They accounted for the surface tension of the liquid drop during the spreading process. The model was solved numerically using deforming finite elements and the results documented the effects that impact velocity, drop diameter and surface tension among other things, would have on the fluid dynamics of the droplet. In 2005 Sikalo et al. did an experimental and computational study of drop impact and focused on the dynamic contact angle of the spreading droplet [2] . They used a VOF-based surface capturing method and implemented the surface tension forces in the frame work of the Continuum Surface Force (CSF) model by four different dynamic contact angle models where compared and only two of these are used in this project. The VOF method is an interface tracking method that was first suggested by Hirt et al [3] . It defines a volume fraction which is assigned a value of one for a computational cell that is filled with fluid and a value of zero for a computational cell that does not have any fluid in it. Thus, in this implementation cells with function values that are between zero and one are regarded as the interface. Unlike the Marker and cell technique this method requires much less storage. The VOF as an interface tracking method fails when surface tension plays a significant role because of the calculation of the curvature. It fails also when high density ratios [4] between the two fluids exists. Unphysical velocity fields at the interface are generated and can at times lead to breakup of the interface [5] . In attempts to reduce the unphysical velocities that can result in the VOF method, methods such as the Coupled Level Set and Volume of fluid (CLSVOF) method [6] have been introduced. The level set method of Sethian and Osher [4] is combined with the VOF. The Level Set (LS) method uses a signed distance function to represent the free surface. This function is greater than one in liquid, less than one in a gas and zero at the free surface. The method has an accurate approximation of curvature as it uses a smooth and continuous function. The disadvantages of the LS include the need to re-initialize the distance function and the loss of mass [7] . When coupled with the VOF method, the LS method produces excellent results. The calculation of the curvature in the VOF method is simply replaced by that used in the LS method and thus mass is conserved. Both these methods are used extensively in modelling multiphase flow as they can be extended to arbitrary unstructured meshes. In the present study I use the strengths of both methods. The VOF method is used with the surface tension force computed using the LS method. This is done by computing a smoothed volume fraction field suggested by [8] and as implemented in literature by [9] . This method is less computationally costing compared to the CLSVOF method since no re-initialization is required. This has the same properties as the smooth continuous distance function in the LS method. The smoothed field is computed using an implicit diffusive scheme that is solved in pseudo time. The stationary drop test case is used to validate this numerical implementation. Droplet impact will be simulated with different dynamic contact angle models to validate whether the schemes implemented fare well at modelling surface tension dominated flows [10, 11] .
This research is focused on using CFD to study the numerical solution of a droplet that is impacting a surface at a certain impact velocity. A CFD open source library OpenFOAM is used to simulate the impacting droplet. OpenFOAM is a C++ library that uses a Finite Volume Method (FVM) with a VOF interface capturing implementation. Smoothing of the VOF method to model low capillary or surface dominant flows is implemented in OpenFOAM and validation is done using the static droplet test case. Different dynamic contact angle models are also implemented, and numerical results and experimental results of the spreading diameter are compared.
Mathematical Model
The above model considers Multiphase flow of water and air. It is translated into its computational equivalent by modelling the two dimensional droplet using an Eulerian VOF approach. A liquid droplet is described in the computational domain using the volume fraction field α(x, t) defined by
The computational method tracks the identity of the fluid using this volume fraction field and all physical intrinsic properties of the fluid can be calculated using α. Consider the cells of the computational domain with water denoted by the volume fraction field α and the cells with air denoted by 1 − α, the density and dynamic viscosity can be calculated as follows
Where ρ and µ are the density and dynamic viscosity respectively, the subscripts w and a represent water and air. The speeds that are being considered are much smaller than the speed of light thus the flow is incompressible. The flow is assumed to be laminar and no turbulence modelling is done. The continuity equation, the momentum transport equation and the transport equation for the volume fraction field α [6] are solved for simultaneously,
where u is the velocity for the two fluids, P is the pressure, g is the gravitational acceleration and gives the surface tension source term. In Equation 5 the two fluids are modelled as one fluid and the physical properties of each are calculated using Equations 2 and 3. In the CSF model the surface tension force is a continuous, 3D effect across an interface" rather than as a boundary value condition at the interface". In this approach the surface tension force is given by
where σ is the surface tension coefficient which is considered constant and κ is the curvature. The curvature is defined as the divergence of the unit normal to the interface
The wax surface is numerically defined as a wall on which a contact angle boundary condition is assigned.
Smoothing of VOF to model low capillary or surface dominant flows.
The motivation for using a smoothed VOF method is to reduce "Parasitic currents" which were defined by [11] to be unphysical velocities that are generated in the calculation of the surface tension force in the CSF model. He showed that their magnitudes do not decrease in size when a fine mesh is used or when the computational time step is decreased. Their magnitudes tend to increase with flows that are highly surface tension dominated and may affect the prediction of fluid velocities. In extreme cases they can even lead to interface break-up. To explain why these unphysical velocities, occur, an analogy to that of [12] is used Consider a two-dimensional stationary droplet with negligible gravity and radius R. Physically if we allow the droplet to settle there will be zero velocities in the flow domain. The momentum equation would reduce to =
with the pressure gradient balancing the surface tension forces. Consider now what would happen in terms of an "ideal" VOF method. In a cylindrical coordinate system the volume fraction field would be a function of the radial coordinate. It would be one for values less than the radius R inside the droplet and zero for values greater than R outside the droplet. The density and curvature would also be a function of R. And the pressure across the interface would change as [13, 14] =
As before the pressure gradient would balance out the surface tension force. When implementing this numerically, the volume fraction field varies in the θ direction because when discretized it is integrated over the entire computational cell. This results in the unit normal, the curvature and the surface force varying slightly in the θ direction. Thus an erroneous term is introduced to the momentum equation which cannot be balanced by the pressure gradient. To reduce the parasitic currents, a smoothed volume fraction field which has similar characteristics to the level set function will be calculated. This will be used in calculating the curvature and hence the surface tension force. The transport equation given in semidiscrete form is given by
D is the diffusive coefficient which can be adjusted according to the problem and is mesh dependent. The diffusive equation is solved in pseudo time τ.
Approaches to model the contact or wetting angle.
The contact angle is the angle that a liquid makes with a surface. It is influenced by both microscopic and macroscopic properties. Microscopic properties include the surface roughness and the surface interfacial energy. The contact angle that water makes with glass is therefore not the same as that of water and wax. It can be used to quantify the wettability of a surface, i.e whether a certain liquid partially wets or fully wets a surface.
As shown in Figure 1 with γSL, γSG and γLG being the surface interfacial energies between solid with liquid, solid with gas and liquid with gas. The contact angle is measured through the solid-liquid interface. There are two main classification of contact angles depending on whether the liquid-solid-air boundary is stationary or moving [15] . Static Contact Angles are those where the contact line of the three phase boundary is stationary and Dynamic Contact Angles are those with a moving contact line with a specific contact line velocity Ucl. A moving contact line is characteristic of free surface flows, here the free surface moves on a solid [16] as in the spreading of a liquid droplet. 
Model2:
Model 3: cos ( ) = cos( ) + 2(1 + cos( ))
.
Model implementation
The numerical model discussed in section 2 is implemented in the interFoam solver in OpenFOAM. The solver is customized to use a smooth volume fraction field for the calculation of the curvature and to calculate the dynamic contact angle using certain models. The implementation of each of these two cases is discussed below. To implement the contact angle, OpenFOAM's dynamic alphaContactAngle scalar boundary condition alpha Contact Angle Fv Patch Scalar Field is used since the dynamic Alpha Contact Angle Fv Patch Scalar Field class is derived from this.
Results
A water droplet with a radius R of 2.75mm surrounded by air in a square domain is considered. Since the order of magnitude of the droplet is mili-metres mm, the surface tension force dominates. The properties of water and air, i.e. density, viscosity and surface tension coefficient are taken to be at room temperature. Initially the droplet is at an initial height h with a velocity vi above a solid wax surface. It accelerates downward with a gravitational acceleration g of 9.8ms−2 and impacts the wax at a certain impact velocity vf of 1.18ms−1. At impact its final height is zero. A schematic of this model is shown in Figure 2 .
Figure 2. Graphical representation of the Mathematical model
On impact the water droplet will spread to a maximum spread diameter and because water does not wet wax, it will recede, spread, recede etc. until equilibrium is reached and the droplet is stationary. The equilibrium contact angle that water makes with wax was taken from the experimental work of to be 100°. The wax is assumed to have a numerical no slip condition because it is non-porous. To validate the implementation of the smoothing of the volume fraction field α a static round droplet test case is used. Consider a 2D static droplet in a square domain with negligible gravity and a radius of R of 1mm. It is assumed that there are no body forces acting on the droplet. The composition of the droplet is liquid water and the surrounding is air. The properties of liquid water and air are shown in Table 1 . A 2D square mesh was created using the blockMesh utility. The domain was a 0.004m×0.004m with 30×30 cells in the x and y directions. The domain is shown in Figure 3 . A no slip boundary condition was set on all four walls of the box. Zero initial velocity and pressure was set inside the domain. The setFields utility was used to place the droplet in the square by assigning values within the radius R a volume fraction value of one and values outside the radius R a volume fraction value of zero. All boundary conditions were set in the 0 sub-directory. A step length of 1×10−4 and a time step length of 1×10−4 is used with the simulation being run to 0.2 seconds. The numerical results of the pressure are shown in Table 2 for different surface tension coefficients, these are compared to analytical results. From Table 2 using the smoothed volume fraction field for the computation of the curvature and hence the surface tension force gives good results when the surface tension force. Even with a smoothed volume fraction field, the unphysical velocities were introduced into the computational domain as shown in Figure 5 but their magnitudes as shown by Figure 5 decrease to be very insignificant for the velocity scales used for an impacting droplet. Thus using the αs in our computations will reduce unphysical velocities to scales that will not affect the motion of the droplet. The magnitudes of the unphysical velocities shown in Figure 5 was obtained by averaging over the entire computational domain. A similar simulation was done with a mesh grid resolution of 60 × 60, to check the grid dependence of the unphysical velocities. As noted by [11] it was found that the magnitude of the velocities did not decrease with an increase in the resolution of the mesh. In Figure 6 , the magnitude of the velocities is for both grids is comparable, there is no significant decrease of magnitude. 
Application to Impacting droplet
The model as discussed in section 2, of an impacting droplet is implemented in OpenFOAM with different contact angle models. A rectangular structured mesh composed of hexahedra is used with dimensions 0.1m×0.05m.
An equation of motion was used to determine the initial height from which the droplet should fall from so that at impact it should have an impact velocity of 1.18ms−1. Since the radius of the droplet is 0.15 cm, by Harlow [4] we can ignore the effects of air resistance. This is an important result; very fine grids are required so that the droplets interface can be accurately resolved. Using fine grids increases the computational time considerably. Starting the droplet at high initial heights will also increase the computational time, and only the spreading process is of importance for this project. Thus using this argument and motivation the initial drop height is assumed to be 0.003m which is just above the surface.
The spreading diameter is used to compare the different models, this is simply a non-dimensional constant given by D * = d/D, where d is the diameter of the droplet as it spreads on the wax surface and D is the initial drop diameter.
The numerical simulation is performed to mimic the experiment performed by [3] . The experiments show that for a water droplet impacting wax, the drop will initially spread on the wax surface reaching a maximum spread diameter. The maximum spread is influenced by the properties of the impacting drop, the surface and the impacting velocity among other things. After maximum spread the droplet will relax, spread, and relax until equilibrium is reached, with the droplet stationary on the surface. The simulations have not been performed until equilibrium, only the maximum spread diameter is investigated.
The numerical results of the spreading diameter are given in Figure 7 together with the experimental results obtained from [3] . The first method of assigning a constant contact angle over approximates the spreading diameter by a factor of approximately 2. Method 1 cannot be used to model a spreading droplet, since it does not consider the fact that the spreading process is characterized by a contact line that moves at a certain velocity. The spreading behavior it exhibits agrees with what is expected experimentally; the droplet reaches maximum spread after impact and starts to recede.
Method 2 and Method 3 as mentioned before considering the fact that the contact line moves with a particular velocity. Method 3 agrees with experimental results only in the initial stages of spreading, it over approximates the spread diameter by a small factor as compared with Method 1. After maximum spread Method 2 predicts that the relaxation phase of the droplet is very slow, and this does not agree with experimental results. The results of Method 2 on the other hand agree with what is expected experimentally. Method 3 over approximates the maximum spread diameter but unlike Method 2, it gives the approximate experimental results for the relaxation phase.
The evolution of the droplet is compared with experimental results for Method 2. The evolution obtained numerically is very similar to that of the experiment. Since the droplet starts at a certain height h above the surface, the times of the numerical computations are shifted so that time zero coincides with the moment of impact.
To obtain a proper visual of the spreading, a clip was performed for α > 0.5, i.e. only the droplet and its free surface are shown in each of the numerical time evolution snapshots.
Conclusions
In this project a scheme into the OpenFoam framework whose aim is to reduce the unphysical velocities that arise due to the interface capturing VOF method is implemented. This is done so that unphysical velocities should not affect the numerical solution of an impacting droplet. Different contact angle models ranging from constant to dynamic have also been implemented for comparison with experimental results.
Smoothing of the volume fraction α was done to reduce the unphysical velocities. The smoothed field αs is transported by a diffusive equation which smears the interface to 2-3 mesh cells to aid in accurate gradient computations which will lead to accurate surface tension force computations and reduce the magnitudes of the unphysical velocities. The static droplet test case was used to validate that the implementation does indeed produce results that reduce these velocity magnitudes.
Results correlated with the literature, their magnitude was found to be independent of the size of the mesh used and an increase in the surface tension coefficient increased the magnitudes of these velocities. For a 30×30 mesh a diffusive coefficient was chosen to be 3750, it is important that the value for D is chosen with caution to avoid over smoothing or under smoothing. Diffusive coefficient which measures the degree of smoothing is thus problem dependent, i.e it depends on the size of the mesh.
Using αs reduced the magnitudes of the velocities o orders which can be regarded as negligible when considering droplet impact and so with this assumption, the implemented scheme was used to solve for droplet impact. It would be interesting to look at other methods of trying to reduce the unphysical velocities that have been documented and study which method produces good results; and under what circumstances.
Three dynamic contact angle models were compiled with the custom solver to simulate Droplet impact in OpenFoam. Emphasis was put on studying the spreading process of the water droplet. After impact the droplet spread to a maximum spread diameter in what is referred to in the literature as the spreading phase, after which it started to relax. The behavior that the droplet exhibited correlated with the experimental results. The spread diameter obtained with the three models was used to obtain a comparison to the experimental results. Model 3 was found to best agree with the experimental results as compared to Model 2. This might be due to the coefficient of 144 in Model 2, which I have come to understand to be material dependent. Model 1 cannot be used to model the spreading process since it does not consider the moving contact line, it is found that it over estimates the spread diameter by a factor of 2.
The snapshots taken at different times after impact show a small air bubble at the center of the droplet.1 It important to note that the bubble is not an artifact of the numerical methods used according to [18] . During impact, air is trapped between the droplet and the surface, capillary waves are generated on the liquid interface during contraction and these forces the air to form a bubble.
To obtain good results, the resolution of the interface of the droplet must be very fine. This introduces the use of very fine numerical grids which can increase the computational time considerably. A refinement of the grid close to the was surface was done in OpenFoam in the aim to obtain better resolution, it was found that doing this produced unphysical results because there was no proper interpolation from the regular mesh cell to the one below it which was halved in the x direction. To address this problem, it would be interesting to look at adaptive mesh refinement were a relatively coarse mesh is used and refinement is done only around the interface of the droplet.
